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The aim of the study was to manufacture poly(lactic acid)- (PLA-) based nanofibrous nonwovens that were modified using two
types of modifiers, namely, gelatin- (GEL-) based nanofibres and carbon nanotubes (CNT). Hybrid nonwovens consisting of PLA
and GEL nanofibres (PLA/GEL), as well as CNT-modified PLA nanofibres with GEL nanofibres (PLA + CNT/GEL), in the form
of mats, were manufactured using concurrent-electrospinning technique (co-ES). The ability of such hybrid structures as potential
scaffolds for tissue engineering was studied. Both types of hybrid samples and one-component PLA and CNTs-modified PLAmats
were investigated using scanning electron microscopy (SEM), water contact angle measurements, and biological and mechanical
tests. The morphology, microstructure, and selected properties of the materials were analyzed. Biocompatibility and bioactivity
in contact with normal human osteoblasts (NHOst) were studied. The coelectrospun PLA and GEL nanofibres retained their
structures in hybrid samples. Both types of hybrid nonwovens were not cytotoxic and showed better osteoinductivity in comparison
to scaffolds made from pure PLA. These samples also showed significantly reduced hydrophobicity compared to one-component
PLA nonwovens. The CNT-contained PLA nanofibres improved mechanical properties of hybrid samples and such a 3D system
appears to be interesting for potential application as a tissue engineering scaffold.
1. Introduction
The wide range of applications of fibrous structures obtained
via electrospinning, including analytical chemistry, environ-
mental protection, electrochemistry, industry, medicine, or
everyday life products [1–3],makes this technique both versa-
tile and prospective in the manufacture of high performance
nanofibres. Considering the range of fibre diameters (i.e.,
several 𝜇m to 10s nm [4]) possible to be obtained by ES, this
technique has found interest in specific tissue engineering
applications. Furthermore, its simplicity facilitates the intro-
duction and use of electrospun nanofibres.
Bearing in mind potential and current applications of
the fibres obtained via ES [5–8] in regenerative medicine
and tissue engineering, the choice of PLA as a well-known
and biocompatible biomaterial [9] seems reasonable. Many
PLA-based biomaterials in fibrous form including pure PLA
fibres [10–12] and composite structures [13–15], obtained by
sequential [16, 17] or blend ES [18, 19], have already been stud-
ied. Numerous works have already proven the beneficial role
of PLA structures in enhancing tissue formation and regener-
ation [20–22]. Considering the similarities between the fibres
obtained via ES and the extracellular matrix, structures man-
ufactured by the ES technique provide promising materials
for tissue engineering scaffolds, especially to regenerate bone
tissue [5–7], cartilage tissue [8, 23, 24], skeletal joints between
them [25], or neural tissue [26–28]. Fibrous structures are
considered to be applied to regenerate bone tissue, in the case
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of small bone defects occurring from illnesses, injuries, or
tumour resections. Since the gold standard in dealing with
such defects, that is, autograft, has many drawbacks [6, 29],
every alternative solution is highly welcome in the medical
community.
The composite structure of PLA and GEL has been
proven to enhance PLA biocompatibility and facilitate its
degradation [18]. GEL is also known to effectively reduce
the hydrophobicity of the substrate surface and can be the
source of the amino acid sequence (RGD) enhancing cellular
adhesion in in vitro studies [30].
When compared to collagen, a commonly used material
in tissue engineering [14, 15], GEL manifests similar prop-
erties, but its price is much lower [31]. PLA/GEL fibrous
materials may be used in guided cartilage regeneration as
well. Gradient structures [32–34] of such a composition can
be applied in skeletal junction scaffolds. The sequential [16,
17] and blend electrospinning [18, 19] of PLA and GEL have
already been described.
As opposed to the aforementioned techniques, the co-
ES process enables one to manufacture simultaneously two
different polymer-based nanofibrous/microfibrous scaffolds.
This technique has never been applied to manufacture
PLA/GEL fibrous structures. In the search of tissue engi-
neering, hybrid systems seem to be interesting solution to
manufacture multifunctional scaffolds.
The purpose of the study was to manufacture PLA-based
nanofibrous nonwovens that were modified using two types
of modifiers, namely, GEL-based nanofibres and CNT. We
wanted to verify if theGEL fibrous component affects the bio-
compatibility and hydrophobicity of the resulting PLA/GEL
hybrid structure obtained by means of co-ES technique. So
far, such a research related to the hybrid structure consisting
of two fibrous components has not yet been made. Most of
studies investigated PLA/GEL composite fibrous structures
in the form of blends [18, 19]. Unlike so far manufactured
PLA and GEL scaffolds, either sequentially or from blends,
our mats (nonwovens) were cospun and consisted of two
independent fibrous components. The sequential method
produces a layered structure, while fibres electrospun from
the blends create mats composed of one type of composite
fibres/nanofibres. The purpose of the work was also to
investigate whether the co-ES process involves the interaction
of both polymers during nanofibres forming, which may
alter the properties of the base component, that is, PLA. The
CNT component was used as a nanomodifier of the PLA
nanofibres, to determine its impact on the biological and
mechanical properties of the hybrid substrate. Two kinds of
hybrid mats were manufactured, namely, PLA/GEL and PLA
+ CNT/GEL and for comparison one-component- (PLA-)
basedmats andPLA+CNT-basedmats.Thepotential of such
hybrid fibrousmaterials was discussed in terms of their use as
scaffolds in tissue engineering.
The morphology of manufactured fibrous samples was
characterised using scanning electron microscopy (SEM).
Water contact angle measurements and mechanical and
biological tests were used to compare the samples properties,
and their usefulness as scaffolds for osteoblastic cells culture
was discussed. Cell culture with human osteoblasts and the
following in vitro tests to estimate the biocompatibility and
bioactivity of the electrospun constructs were studied.
We used CNTs to modify PLA-based nanofibres to form
nanocomposite fibres, as recent works have demonstrated
numerous potential advantages of using carbon nanotubes
over traditional materials for tissue-engineered constructs.
Multiwalled carbon nanotubes (MWCNTs) have the ability
to promote stem cells’ differentiation towards bone cells and
enhance bone formation [35–37]. Due to their nanometer
scale size, with a very high strength to weight ratio, they are
very attractive as a nanoadditive to improvemechanical prop-
erties of polymers, including PLA fibres [38–40]. Moreover,
CNT have been proven to modify electrical properties of the
fibrous structures obtained via ES [24, 38, 40]. This property
is important when stimulating bone tissue formation [41].
Carbon nanotubes promote neuron cell formation [42],
which could be used when designing scaffolds for neural
tissue regeneration [43–45].
2. Material and Methods
2.1. Preparation of the Scaffolds. To obtain the hybrid
nanofibre structure, two different polymers were used:
poly(lactic acid), PLA (Ingeo Biopolymer 3251D, Nature-
Works, LLC, USA, 𝑀
𝑤
90,000–120,000 g/mol), and gelatin,
GEL (Avantor Performance Materials Poland S.A., Poland,
𝑀
𝑤
40,000–100,000 g/mol). The solution of PLA (15%wt./v.)
was prepared in dichloromethane, DCM (Avantor Perfor-
mance Materials Poland S.A., Poland), and N,N-dimethyl-
formamide, DMF (Avantor Performance Materials Poland
S.A., Poland) (3 : 1 wt. ratio).The 20%wt./v. GEL solution was
prepared in concentrated (99.5–99.9%) acetic acid (Avantor
Performance Materials Poland S.A., Poland). The solutions
were homogenised using a magnetic stirrer (50 rpm) and
heated at 35∘C for 24 h.
The PLA solution was further functionalised with multi-
walled carbon nanotubes, CNTs (Nanostructured and Amor-
phous Materials Inc., USA; catalogue number 1213NMGS),
at the concentration of 1% (wt.) with respect to the PLA
content. CNTs were used in the form of suspension in the
DMF (0.03 g/ml). CNTswere previously functionalised in the
composition of inorganic acids, according to the procedure
described in [46].Thismodification introduced carbonyl and
carboxyl groups to the surface of the CNTs, enabling their
stable dispersion in the DMF. An adequate amount of the
modifier was added to the previously prepared PLA solution
and was stirred under gentle heating for 24 h. Prior to use, the
suspension containing CNT was additionally homogenised
in an ultrasonic washer Sonic-0.5 (80W; Polsonic Sp.J.,
Poland) for one hour.
The electrospinning (ES) process of the PLA and PLA +
CNT fibres was conducted under processing parameters
as follows: voltage 12 kV, needle inner diameter 0.9mm,
needle-to-collector distance 3 cm, collector rotation speed
100 rpm, flow rate 0.1ml/h, and deposition time 30min. The
electrospun fibres were collected on the rotating mandrel
coveredwith aluminium foil, fromwhich theywere separated
prior to characterisation. The concurrent-electrospinning
(co-ES) process of the PLA/GEL hybrid material was carried
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out using the same experimental setup. The processing
parameters were the same as for the ES process. Both needles
used had an inner diameter of 0.9mm and were placed 3 cm
from the collector. The deposition time was 30min as well,
the flow rate 0.1ml/h.
In the first stage of our work ES processing, parameters
(applied voltage, needle-to-collector distance, needle inner
diameter, concentration of the polymer in solution, and com-
position of solvent used) were evaluated for one-component
materials, PLA and GEL separately. The results of these
preliminary experiments are not included in this paper. The
specified processing parameters were subsequently applied
during co-ES process and ES process of PLA + CNTs. The
dosage of polymer solutions was controlled using syringe
infusion pumps. The flow rate of two solutions was the same;
thus their volume ratio was 1 : 1. The concentrations of the
polymer solutions used were different (15%wt/v PLA and
20%wt/v GEL), the mass ratio of PLA :GEL was approx. 1 : 1.
Four types of samples were prepared for further study. One-
component mats have been labelled as PLA and PLA + CNT
and hybrid mats as PLA/GEL and PLA + CNT/GEL.
2.2. Characterisation of the Scaffolds. Themorphology of the
fibres and themicrostructure of the fibrousmats were studied
by the scanning electron microscope (SEM: Nova NanoSEM
200; FEICompany,USA).Theobtained imageswere analyzed
using the ImageJ, version 1.50b software, to determine the
fibres’ diameters. Using the segmental method, we calculated
the overall porosity of the materials. The surface chemical
properties were estimated using a static water drop-material
contact angle (𝜃) measurements (DSA10; Kruss, Germany)
that enable evaluating the wettability of the nonwovens.
The presented wettability estimations were calculated as
average of 30 measurements accompanied with SD value.
The molecular structure of the polymer fibrous samples
with carbon nanotubes was analyzed by FTIR method. Mea-
surements were performed by Fourier Transform Infrared
spectroscopy using Tensor 27 spectrometer (Bruker Optics,
USA), equipped with the software OPUS 7.2. FTIR mea-
surements were performed in single reflection ATR mode
using diamond crystal MIRacle (PIKE Technologies, USA),
without any preceding sample preparation. Samples of diam-
eters 2 × 2 cm were cut from the collected nonwoven mats
and placed directly in ATR equipment. Each spectrum was
registered after 128 scans with resolution 4 cm−1. Mechanical
testing of the fibrous mats was carried out on the universal
testing machine Zwick 1435 (Zwick Roell, Germany) with
load cell 5 kN. Samples in the form of stripes (4 × 0.5 cm)
were gripped (placed 24mm apart) and elongated at a speed
of 5mm/min until failure occurred. Tensile strength, 𝑅
𝑚
,
and Young’s modulus, E, were calculated from the obtained
strain-elongation curves. For each type of fibrous sample, five
individual measurements were made.
2.3. Cell Culture Experiments. In vitro experiments were
performed using commercially available normal human
osteoblasts, NHOst (Lonza, USA), and included prolifera-
tion, cytotoxicity, andmineralization tests. Prior to biological
testing, samples of the nonwovens in the formof discs (12mm
in diameter) were washed in 70% ethanol, dried in air at room
temperature, and sterilized with a plasma technique (40∘C,
H
2
O
2
), Sterrad 120, ASP, Johnson & Johnson, USA.
NHOst were routinely grown in 75ml flasks in Osteoblast
Growth Medium OGM, BulletKit (Lonza, USA), containing
10% FBS, 0.1% ascorbic acid, and 0.1% GA-1000 (Gentamicin
Sulfate and Amphotericin-B) in a 5% CO2 and 95% air
atmosphere at 37∘C. Medium was changed every 2-3 days
and the cell culture was passaged when 70% confluent
cell monolayer was developed. After the 4th passage, the
monolayer was brought into suspension with 0.5% trypsin
plus EDTA (HyClone, USA). Following trypsinization, the
cells were washed by centrifugation at 400𝑔 for 5min and
resuspended in fresh full culture medium to a concentration
of 1.5× 104 cells/ml. Next, 1ml of cell suspensionwas added to
each well of 48-well plates (Nunclon, Denmark) containing
sterile biomaterials hold by polycarbonate inserts (Scaffdex,
Finland) to prevent from floating. Cultures were performed
in standard conditions for 3 and 7 days for the proliferation
and cytotoxicity tests and for 7, 14, and 21 days for the
mineralization assays. In the case of samples cultured for
the mineralization tests, the differentiating factors (OGM
Differentiation SingleQuot Kit, Lonza, USA) were added
to the medium. The medium with pure PLA nonwoven
(mat) served as a control sample (PLA). Biocompatibility of
this material has been confirmed in previous studies of the
authors [24].
The cells’ viability and the cytotoxicity of the materials
were determined by ToxiLight BioAssay kit and Toxi-
Light 100% Lysis Reagent Set (Lonza, USA). The ToxiLight
BioAssay Kit was used to measure toxicity in cell culture
supernatant. The kit quantitatively measures the release of
adenylate kinase (AK) from damaged cells. The ToxiLight
100% lysis reagent used with the ToxiLight BioAssay Kit
provides a total AK control value proportional to the total
cell number (proliferation). The cytotoxicity and cells’ pro-
liferation were determined by luminescence measurements
with the aid of POLARstar Omega microplate reader (BMG
Labtech, Germany) and expressed in relative luminescence
units (RLUs).Themediumwith pure PLA nonwovens served
as a control sample (PLA). The cytotoxicity effect was per-
formed as a percentage related to the total number of cells
grown on biomaterials.
The mineralization process was evaluated using ALP
assay (Sigma-Aldrich, Germany) and OsteoImage test
(Lonza, USA) in order to estimate the level of cells’
differentiation and osteoconductive properties of fibrous
samples. These parameters were expressed in relative
fluorescence units (RFUs) proportional to the ALP activity
and concentration of hydroxyapatite (HA), respectively.
The alkaline phosphatase (ALP) activity was measured
using 4-methylumbelliferyl phosphate (4-MUP).ALP cleaves
the phosphate group of the nonfluorescent 4-MUP substrate
into the soluble highly fluorescent substance methylum-
belliferone (4-MU). After 7, 14, and 21 days of culture,
cells were washed with Tris buffer pH 8,4 and frozen. The
cell cultures were lysed by three cycles of freeze-thawing,
and such obtained cell homogenates were assayed for
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Figure 1: SEM images of fibrous scaffolds: (a) PLA, (b) PLA/GEL, (c) PLA + CNT/GEL, and (d) PLA + CNT.
ALP activity. Cell lysates in triplicate were transferred to
OptiPlate-96 microplate (PerkinElmer, USA) and incubated
for 1 h with an equal volume of 4-MUP Liquide Sub-
strate System (Sigma-Aldrich, USA) solution. Fluorescence
was determined at 360/450 nm (excitation/emission wave-
lengths) using POLARstar Omega microplate reader.
Differentiation of osteoblasts manifested in hydroxyap-
atite formation was assessed withOsteoImageMineralization
Assay (Lonza, USA). Fixed cells were stained with the bone
nodule specific fluorescent reagent and washed with buffer.
Fluorescence proportional to the amount of HA present in
the culture was measured at 492/520 nm using POLARstar
Omega reader.
For evaluation of the cells’ morphology and their attach-
ment to the fibrous samples the cell cultures were stainedwith
0,01% acridine orange (AO) solution (Sigma-Aldrich, Ger-
many) for 1min, washed in PBS, and observed under the flu-
orescence microscope Olympus CX41 (Japan). Photographic
documentationwasmade byE-520 camera (Olympus, Japan).
Tests were repeated four times for all the samples and the
reference PLA sample; the presented results are their mean
values ± standard error. For comparison between the means,
Student’s 𝑡-test with a 𝑝 value of 0.05 was used to measure
statistical significance between each sample and control
(PLA), while one-way analysis (ANOVA) for assessing the
differences between all samples with the Bonferroni post hot
test was applied.
3. Results and Discussion
SEM images of the materials manufactured are presented in
Figure 1. All the electrospun fibreswerewell formed, beadless,
and created uniformmats. The overall porosity of the fibrous
mats was very high, ranging within 0.88–0.93 (Table 1).
Since biomaterials for tissue engineering purposes should
have high porosities enabling cell infiltration during the
culture and after implantation [47], the data obtained are
favourable towards such an application. The average diam-
eter of PLA fibres is high (Table 1), which was caused by
the selected ES parameters. Our preliminary experiments
showed that the most significant factor influencing fibres
diameters was the inner diameter of the needle used. Smaller
needles generated smaller diameters of the fibres, but with
lower deposition rate and lower yield (thicker nonwo-
vens). Because we wanted to further analyze the obtained
fibrous mats, including mechanical and biological testing,
we decided to obtain thicker materials with slightly higher
fibre’s diameter. The diameters of PLA fibres modified with
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Table 1: Characterisation of fibrous mats.
Type
Fibre
diameter, 𝑑
(nm)
Material porosity, 𝑝 Wettability,
𝜃 (∘)
Tensile
strength, 𝑅
𝑚
(MPa)
Young’s
modulus, 𝐸
(MPa)
PLA 1029 ± 36 0.93 ± 0.01 113.3 ± 1.0 10.6 ± 0.4 686 ± 42
PLA/GEL 400–1250∗ 0.88 ± 0.01 53.2 ± 1.9 4.1 ± 0.6 459 ± 105
PLA + CNT 306 ± 17 0.89 ± 0.01 108.3 ± 1.4 16.3 ± 2.0 1054 ± 112
PLA + CNT/GEL 300–770∗ 0.87∗ 51.4 ± 1.4 12.3 ± 1.9 898 ± 91
∗Two-component fibre distribution.
d = 1029 ± 36 nm
d = 306 ± 17 nm
d = (386–1238) nm
d = (290–783) nm
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Figure 2: Distribution of fibre diameters in fibrous scaffolds.
CNT decreased significantly (Table 1). The addition of CNT
increased the electrical conductivity of the PLA solution,
resulting in favourable jets’ splitting in the electrical field
and smaller fibre diameters as compared to PLA fibres. Non-
wovens were well formed, uniform, and defectless. Because
CNTs were incorporated into the polymer solution in the
form of stable suspension in DMF (a component of PLA
solution), their full dispersion in the PLA solution facilitated
forming uniform nanofibres. The PLA + CNT fibres were
found to be the thinnest of all materials analyzed.
Figure 2 presents the distribution of fibre diameters in the
manufactured scaffolds. As can be seen in the histograms,
in the case of the hybrid PLA/GEL scaffolds, the range
of diameters in the material is very wide, varying from
400 to 1250 nm. Thicker fibres can be identified as PLA,
compared to the average value of 1029 nm determined for
one-component nonwovens. Thinner fibres are GEL with
diameters of 350–800 nm. In the case of the hybrid PLA +
CNT/GEL scaffolds, the range of diameters in the material
is narrowed as compared to PLA/GEL, varying from 300 to
770 nm.
The presence of CNT in the polymer electrospinning
suspensions significantly narrowed the distribution of fibre
diameters and their average values as compared to pure
PLA fibres. The co-ES of the composite material PLA/GEL
revealed some interactions of the polymer streams in the
electrical field. PLA and GEL streams emerging from the
needle tip have charges of the same sign, resulting in their
possible electrostatic repulsion. Polymer nanofibres were
concurrently formed with lowered yield. To obtain a thicker
layer of fibrous mat, the collecting mandrel was moved under
an electric field several times. The obtained fibres within the
mat were uniformly formed and bead-free.
Water drop contact angle measurements were performed
in order to evaluate the chemical nature of the materials’
surfaces. The calculated 𝜃 contact angle for PLA mats was
about 113∘, which is characteristic of hydrophobic materials
[19, 48]. PLA fibres modified with CNTs exhibit slightly
smaller values, ∼108∘. The water drop contact angle, 𝜃,
recorded for two different modifiers, that is, GEL and CNTs,
significantly differed. The hybrid compositions, PLA/GEL
andPLA+CNT/GEL, are characterised by significantly lower
𝜃 (∼53∘ and ∼51∘, resp.) compared to one-component PLA
mats. Biomaterials used as scaffolds for tissue engineering
purposes should be hydrophilic, because such a surface
characteristic facilitates cells’ seeding and culturing [49, 50].
The obtained hybrid mats fulfil this condition, providing
favourable conditions for cell culture in vitro. Thus, the
fibrousmodifiermade of GEL nanofibres altered significantly
surface characteristic of the hybrid samples.
The mechanical testing experiments revealed significant
differences between the analyzed materials. PLA nonwoven
exhibited much better mechanical properties (𝑅
𝑚
∼ 11MPa,
𝐸 ∼ 690MPa), in comparison with hybrid PLA/GEL samples
(𝑅
𝑚
∼ 4MPa, 𝐸 ∼ 460MPa). It is worth noting, however,
that the studied materials in the form of nonwovens are char-
acterised by a very high porosity. The measured the strength
and Young’s modulus were calculated taking into account the
samples cross section without their porosity. The addition
of CNT into PLA fibres improved the mechanical properties
(Table 1) of one-component sample (PLA + CNT), as well as
the hybrid samples. The growth of Young’s modulus of the
hybrid scaffolds is a beneficial effect taking into consideration
their possible applications in tissue engineering.
Figure 3 shows the FTIR spectra of electrospun nanofi-
brous samples. FTIR spectroscopy was used to investigate
possible interaction of PLA with CNT and PLA with GEL
in hybrid scaffolds. The FTIR spectra of PLA and CNT-
modified PLA, that is, PLA + CNT, show the characteristic
bands for PLA at 1748 cm−1 assigned to stretching vibration
of -C=O and at 1453 cm−1 associated with CH
3
groups. The
position of the bands associated with the presence of the
nanotubes is indicated by arrows (1380, 1220 cm−1). Due to
a small concentration of CNT in the polymer (1 wt.%), the
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Figure 3: FTIR spectra of electrospun fibrous scaffolds.
comparison of both CNT-modified PLA spectra indicates
that the presence of the nanotubes in the polymer matrix
does not shift the position of the bands characteristic for
pure PLA. A comparison between spectra of pure PLA and
PLA/GEL showed that the bands assigned to PLA do not
shift their wavenumbers in hybrid sample, which indicates
that no chemical interaction between PLA and GEL took
place during electrospinning process and their molecular
structures are unchanged. Figure 3 shows a typical FTIR
spectrum (PLA/GEL) composed of two overlapping spectra
containing the bands characteristic for pure PLA and gelatin.
It shows three major peak regions marked in Figure 3 as
3279 cm−1 assigned to the bonds of Amide A, 1634 cm−1
(Amides I and II), and at about 1240 cm−1 assigned to the
Amide III.
Biological tests performed aimed to evaluate the samples’
biocompatibility and bioactivity. The analysis of the NHOst’s
morphology showed that cells covered uniformly and densely
the materials’ surfaces (Figure 4).
Their shape was uniform and they were flattened, mostly
well spread on the sample surface. Already after three
days of incubation, numerous intercellular connections were
observed, creating a dense cellular web. Such an image was
observed especially for PLA + CNT sample (Figures 4(a) and
4(b)), where cells forming a lot of contacts with each other
and the substrate were well spread. Good cells adhesion to
the surface is important factor in terms of further cellular
functions, such as proliferation, secretion, and production
of the extracellular matrix. NHOst morphology in contact
both with PLA/GEL is similar to cells in contact with
control (PLA). In the case of hybrid PLA/GEL and PLA +
CNT/GEL samples, the cells additionally penetrated into the
scaffolds’ depth (Figures 5(a) and 5(b)). As is apparent from
these microphotographs, on day 7 after seeding nanofibrous
network, the cells placed inside the scaffolds can be found
(Figure 5(a)). For a better cell visualization, the computer
imposition of red colour on cells was applied (Figure 5(b)).
Such images revealed that the analyzed nonwovens made
from hybrid nanofibres, having a good porous interconnec-
tivity between the nanofibres, seem to have a suitable 3D
architecture for cell culturing.
Figure 6 compares the cells’ viability cultured on nanofi-
brous samples manufactured from pure PLA (control) and
modified with CNT and GEL. Cells viability in contact with
nanofibrous scaffolds after 3 of culture was comparable to
control, while it, after 7 days, was statistically lower (𝑝 < 0.05)
in comparison with control. The cytotoxicity results of the
fibrous samples compared to the control, PLA, are shown in
Figure 7.
Cells cytotoxicity determined on day 3 after seeding was
comparable for all samples. On day 7 after cells seeding, a
significant decrease in cytotoxicity for all samples can be
observed. A statistical difference was only observed between
PLA + CNT/GEL and PLA/GEL. Although there are some
differences between the samples, both biological tests indicate
that all analyzed nonwovens were biocompatible.
The results of bioactivity tests are summarised in Figures
8 and 9. The mineralization process assessment showed
statistical differences (𝑝 < 0.05) in the HA concentration
between control (PLA) and PLA + CNT/GEL after 14 days
and after 21 days between control and both hybrid scaffolds
modified with GEL.The same dependencies between control
and hybrid scaffolds were found in ALP activity.
After 21 days, both tests revealed statistically significant
differences (p < 0.05) between the control and PLA/GEL
and PLA + CNT samples (Figure 9). Moreover, the highest
increase in ALP activity in the period between 14 days and 21
days, amounting to about 50%, was noted for the PLA/GEL
and PLA + CNT/GEL compared to 14.5% for control (PLA).
Certainly, prolonging the culture would reveal more signif-
icant differences between the control and the hybrid and
PLA + CNT samples. These results indicate that the hybrid
nonwovens and PLA containing functionalised CNT display
better osteoinductivity as compared to nonwovens made
from pure PLA nanofibres.
Experiments conducted by numerous workers have
shown that the degree and type of functionalisation strongly
affects CNT cytotoxicity [45, 46, 48]. Here, the cells were
incubated on electrospun nonwoven mats for a relatively
short time; hence, some effects could not have been visible. It
is probable that, during a longer cell culture, the PLA matrix
could begin to degrade and release CNT, affecting the results
of the tests performed.
Varying nanofibrous substrates weremanufactured by the
ES technique. An often-used tool in tissue engineering is cells
scaffold, which constitutes a substitute for the extracellular
Journal of Nanomaterials 7
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Figure 4: Morphology of NHOst cultured for three days in contact with fibrous scaffolds: (1) PLA (control), (2) PLA/GEL, (3) PLA +
CNT/GEL, and (4) PLA + CNT (magnified 10x (a) and 20x (b)).
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Figure 5: Morphology of NHOst inside PLA/GEL scaffold after 7 days of culture: (a) the original microphotograph from fluorescence
microscope; (b) this microphotograph after photographic processing (mag. 10x).
3 days
7 days
0
2000
4000
6000
8000
10000
12000
14000
Vi
ab
ili
ty
 (c
el
ls 
nu
m
be
r) ∗
PLA PLA + CNT/GELPLA/GEL PLA + CNT
Figure 6: Cell viability of NHOst cultured in contact with fibrous
scaffolds; ∗statistically significant (PLA) versus (PLA/GEL) and
CNT-containing samples on day 7 (p < 0.05).
matrix (ECM). Such a natural structure is composed mainly
of protein fibres (e.g., collagen and elastin), with diameters in
the range of 10–100 nm and the nanometric adhesive proteins
allowing for cell attachment [44]. The ECM microenviron-
ment creates optimal conditions for intercellular interac-
tions and influences the differentiation and cell functions.
Nanofibre-based scaffolds are increasingly popular in tissue
engineering as their architecture refers to a natural ECM and
are used for preparing biomimetic scaffolds. Several studies
have shown that the diameter of the fibres constructing cell
scaffolds influences the differentiation of neural stem cells.
The reduction in fibre diameter increases cell proliferation
and differentiates their ingrowth into the scaffold space and
reduces their aggregation [4].
The co-ES technique enables forming simultaneously
two different nanofibre polymers. The modification of the
polymer precursor of small quantities of nanofillers opens a
range of new opportunities to obtain advanced nanofibrous
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Figure 7: Cytotoxicity for NHOst cultured in contact with
fibrous scaffolds; ∗statistically significant (PLA/GEL) versus (PLA
+ CNT/GEL) on day 7, (p < 0.05).
composite scaffolds. It has already been proven that a com-
posite biomaterial composed of PLA/PLA + CNT and GEL
nanofibres retains the biocompatibility of the PLA, whereas
the GEL constituent, depending on its content, may act as
degradation moderator [16]. Its presence in the elaborated
hybrid samples effectively reduced hydrophobicity of the
substrate surface what was one of the aim of the study.
PLA/PLA + CNT and GEL fibrous materials could also
be used in guided cartilage regeneration, whereas gradient
structures of such a composition can be applied in skeletal
junction scaffolds.
The aim tomodify the structure of the polymer nanofibre
using the CNTs was to develop a substrate comprising the
active substance in chondrogenesis. Several results confirm
the hypothesis that the carbon component may act as
chondrogenic material [51, 52]. Carbon materials, including
carbon fibres and carbon nanotubes, have been successfully
used in the treatment of cartilage defects. In the experiments
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Figure 8: Mineralization progress of NHOst cultured in con-
tact with fibrous scaffolds; ∗statistically significant (PLA) ver-
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Figure 9: ALP activity in NHOst cells cultured in contact with
fibrous scaffolds; ∗statistically significant (PLA) versus (PLA +
CNT/GEL) on day 14, (p < 0.05); ∗∗statistically significant (PLA)
versus (PLA/GEL), (PLA + CNT/GEL), and (PLA + CNT) on day
21 (p < 0.05).
conducted here, the CNT were added to functionalise poly-
mer nanofibres and tomodify theirmechanical and biological
properties. Comparative results of pure PLA and modified
nanofibres have confirmed that the presence of CNT changes
their mechanical characteristics and improves the strength
and Young’s modulus. PLA nanofibres are degraded in a
biological environment and over time can be expected to
expose the surface of CNT that can participate in the process
of regeneration of tissue.The exposedCNT can induce regen-
erative processes, depending on the intended use, in bone,
nervous, or cartilage tissue. In addition, polymeric fibrous
scaffolds with a specific orientation of nanofibres may favour
directional cell growth [24, 46]. The biological test showed
that the nanofibres containing the carbon nanotubes were
not toxic.Their presence in PLA nanofibres also modifies the
electrical properties. Electrical conductivity is an important
property in tissue regeneration, that is, for nerve tissue
engineering by stimulating neurite growth [42, 43]. Various
polymer nanofibres including PLA can be functionalised
to make them electrically conductive to stimulate neurite
elongation. For this purpose, PLA modified with CNTs and
gelatin results in obtaining conductive hybrid nanofibres,
supporting the proliferation and differentiation of NHOst.
Two different sources of polymer solutions enabled using
a larger number of potential modifiers and can also be
obtained in the further gradient structure with a controlled
phase system. The 3-dimensional hybrid structures man-
ufactured by electroforming developed here may provide
scaffolds for repair of cartilage defects, able to replace the
natural extracellular matrix, for bone tissue regeneration and
for nerve tissue regeneration. It was found that by adding
1%wt CNT significant change in electrical properties can be
obtained, that is, from dielectric properties of pure PLA to
semiconducting material PLA + CNT [24]. Such fibrous 3D
structures can also assure integrity and stability between a
newly formed tissue and the host tissue.The results presented
here also encourage further investigation of the combination
of nanofibrous components, that is, by using PLA nanofibres
modified with functionalised CNTs and GEL-based fibrous
components.
4. Conclusions
The results of this study have demonstrated that hybrid
PLA/GEL materials can be formed by the co-ES technique,
and the obtained mats, due to their biocompatibility and
physicochemical characteristics, can be considered in tissue
engineering. Both simultaneously electrospun nanofibres
retain their structures in the hybridmats.The hybrid samples
show significantly reduced hydrophobicity compared to one-
component PLA mats. The water drop contact angle, 𝜃,
of fibrous samples decreased from about 113∘ for the PLA
samples to 51∘ for PLA + CNT/GEL. The mineralization
process evaluated using ALP tests indicated that both hybrid
nonwovens (PLA/GEL and PLA + CNT/GEL) showed better
osteoinductivity in comparison to scaffolds made from pure
PLA nanofibres. The results obtained for the hybrid scaf-
folds make such a fibrous combination more promising for
osteoblastic cells culture.Themodification of PLA nanofibres
with CNT proved to be a relatively easy way for further
improving their mechanical properties. The presence of
CNT in the PLA fibrous component improved significantly
mechanical properties of hybrid mats as compared to the
PLA/GEL samples, in particular Young’s modulus. Such a
hybrid PLA + CNT/GEL system demonstrates pliable and
biodegradable 3D scaffold with a highly porous structure.
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